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Electrophoretic mobility shift assay (EMSA)A differentially expressed transcript, encoding a putative WD protein (Setaria italica WD40; SiWD40), was
identiﬁed in foxtail millet. Tertiary structure modeling revealed that its C-terminus possesses eight blade
β-propeller architecture. Its N-terminal has three α-helices and two 310-helices and was highly induced by
different abiotic stresses. The SiWD40:GFP fusion protein was nuclear localized. Promoter analysis showed
the presence of many cis-acting elements, including two dehydration responsive elements (DRE). A
stress-responsive SiAP2 domain containing protein could speciﬁcally bind to these elements in the SiWD40
promoter. Thus, for the ﬁrst time, we report that DREs probably regulate expression of SiWD40 during envi-
ronmental stress. Molecular docking analysis revealed that the circumference of the β‐propeller structure
was involved in an interaction with a SiCullin4 protein, supporting the adaptability of SiWD40 to act as a scaf-
fold. Our study thus provides a vital clue for near future research on the stress-regulation of WD proteins.
© 2012 Elsevier Inc. All rights reserved.1. Introduction
Adverse environmental conditions, that plants encounter, can se-
verely affect their proper growth and development. Due to the detri-
mental effects of various biotic and abiotic stresses, we are facing
major losses in food productivity. Drastic climatic changes in many
regions further aggravate this problem. The most deleterious factors
consist of drought and excess soil salinization, affecting more than
10% of arable land worldwide that leads to more than 50% drop in
the average yields of major crops [1]. Response to these abiotic stress-
es is a very intricate phenomenon as stress may occur at multiple
stages of plant development and often one or more stress may oper-
ate simultaneously [2]. Stress acclimation involves gene activation or
deactivation controlled by a complicated regulatory network. Al-
though many genes of such pathways have been isolated and their
encoded protein products functionally analyzed, we are still far
away from understanding the mechanisms for plant responses to
such stresses. Better comprehension of such mechanisms could be
brought about by identifying more novel proteins, which could later
contribute to development of stress tolerant crop varieties.
One such interesting group of proteins includes the scaffolds, which
assist the function and activity of other proteins. Their role int Genome Research (NIPGR),
India. Fax: +91 11 26716658.
ad).
rights reserved.stress-response has generally lagged behind because often researchers
are more interested to ﬁnd out the ﬁnal outcome of the scaffolding task
instead of the scaffold itself [3]. The eukaryotic genomes have conspic-
uous presence of one such adaptor protein, the WD40 (also called
WD-repeat) domain containing proteins. This domain is an important
feature within proteins that mediate diverse protein–protein or pro-
tein–DNA interactions, involved in scaffolding, assembly and regulation
of active multiprotein complexes [3,4]. TheWD40 domain is character-
ized by the presence of several copies of WD40 repeats with each re-
peat containing 44–60 residue units. This unit typically contains the
glycine–histidine (GH) dipeptide 11–24 residues from its N-terminus
and terminating with Trp-Asp (WD) doublet residues at their
C-terminus [5]. Each WD40 repeat comprises a four-stranded antipar-
allel β-sheet [6]. Generally, the WD40 domains have shown to contain
seven (multiples of seven) repeats forming a highly stable β-propeller
structure. Interestingly, some researchers have also predicted proteins
enclosing as low as two to as many as sixteen repeats [5,7]. WD40 do-
main proteins are involved in diverse cellular processes, such as signal
transduction, cytoskeleton assembly, vesicular trafﬁcking, cell cycle
control, apoptosis, ribosomal RNA biogenesis, chromatin modiﬁcation
and transcription regulation [4,6,8]. The domain provides a scaffolding
platform for different interactions and modulates proceedings of mo-
lecular recognition mainly through the tinier top surface.
Although existence of 349 WD40 domain containing proteins has
been predicted in the human genome [9], but in plants like Arabidopsis,
only a few have been characterized despite the presence of about
269 putative WD40 domain containing proteins [5]. They have
been typically accounted as signiﬁcant regulators of plant-speciﬁc
253A.K. Mishra et al. / Genomics 100 (2012) 252–263developmental events, such as, ﬂoral development, regulation of
anthocyanbiosynthesis,ﬂoweringmeristemorganization, pollen devel-
opment, gametogenesis and embryogenesis [5,10–17]. However, their
imperativeness as crucial players in stress adaptation in plants has not
been very well documented.
For studying the aspects of stress response, foxtail millet (Setaria
italica L.) has been consistently proposed as a model plant system
[18,19]. Apart from being an elite stress-tolerant crop, it is also an im-
portant food and fodder grain crop in arid and semi-arid region world-
wide. It has been considered a suitable species for genetic andmolecular
studies because of its diploid (2n=2x=18), self-pollinating, C4 pan-
icoid nature, with a small genome (~490 Mb) having a low repetitive
DNA content (30%) and a highly conserved genome structure relative
to the ancestral grass lineage [18,20,21]. Further, it is also closely related
to various biofuel crops such as switchgrass, napiergrass, and pearl mil-
let, and hence has been suggested to represent a relevantmodel for this
class of crops [22]. Owing to its worth, it is not surprising that foxtail
millet is among the few crops whose genome has been recently se-
quenced by the US Department of Energy Joint Genomic Institute and
BGI (formerly the Beijing Genomics Institute), China. In order to divulge
the molecular mechanism underlying tolerance against environmental
stress in foxtail millet, our lab has previously performed transcript pro-
ﬁling under dehydration and salinity stress in this crop and identiﬁed
several stress-responsive transcripts [18,19]. A differentially expressed
sequence tag (EST) from both the stress libraries was identiﬁed and
found to encode a WD40 protein.
In the present investigation, we isolated and characterized this
novel gene from foxtail millet. Based on its expression analysis
under various environmental stresses, the possible involvement of
SiWD40 in abiotic stress is discussed. Besides, its promoter region
contains several elements that may be stimulated by physiological
and environmental factors. To gain further insights into the events
of stress signaling, we studied for the ﬁrst time, interaction of a
cis-acting DRE in SiWD40 promoter with a stress-responsive S. italica
AP2 domain-containing protein (SiAP2) which also functions as tran-
scriptional activator of SiWD40 in a DRE-dependent manner. Further,
we propose that SiWD40 functions as a molecular platform protein
and forms a stable interaction pattern with a S. italica Cullin4. This
work is part of an ongoing study to comprehend the importance of
the WD40 proteins and their role in adaptation to environmental
stresses.2. Results and discussion
2.1. Cloning and sequence analysis of SiWD40
A foxtail millet EST (GenBank accession no. GT228241), encoding
a putative WD-domain containing protein, was identiﬁed from sa-
linity and dehydration stress subtractive cDNA library previously
constructed in our lab [18,19]. This 399 bp truncated cDNA clone
was incomplete at both its 5′ and 3′ end as revealed by sequence
alignment with other closely related genes. We thus performed
Rapid ampliﬁcation of cDNA ends (RACE) to amplify the unknown
ends by SMARTTM RACE cDNA ampliﬁcation kit (Clontech, USA).
The EST sequence and RACE products were assembled to obtain a
consensus full-length sequence. The full length cDNA was ampliﬁed
by primers derived from both ends of the consensus sequence. The
full length (FL) cDNA of this gene, named SiWD40 (S. italica WD40)
was 1795 bp long within which an open reading frame (ORF) of
1314 bp ﬂanked by 200 bp 5′ untranslated region (UTR) and
281 bp 3′ UTR was present. The genomic DNA clone of SiWD40
was found to be 3361 bp long and in comparison with the FLcDNA
sequence indicated that it contained eight introns within the ORF
(Figs. 1A–B). The sequence has been submitted to GenBank under
the accession number JF836815.2.2. SiWD40 encodes a WD-repeat protein
SiWD40 encodes a polypeptide of 437 amino acids with an
estimated molecular mass of 43.9 kDa and a theoretical pI of 5.55. A
BLASTP search showed SiWD40 to be highly homologous to a
hypothetical protein Sb07g028550 of Sorghum bicolour (GenBank
accession no. XP_002445946) sharing 83% identity and 87%
similarity (E-value=0). Additionally, it was closely related to several
uncharacterized proteins from different plants including the
gibberellin-associated MYB (GAMYB)-binding proteins, Arabidopsis
thaliana transducin/WD-40 repeat-containing protein and Oryza sativa
G-beta repeat containing protein. A recently identiﬁed salinity-regulated
WD40 protein (SRWD5) from rice was 52% identical to SiWD40
(E-value=2e-148) [23]. Interestingly, apart from angiosperms, homo-
logues are also present in lower plants like the fern Physcomitrella patens
(54% identity; E-value=9e-173) and the moss Selaginella moellendorfﬁi
(54% identity; E-value=1e-168). Although yet to be speciﬁcally charac-
terized, all these proteins have been deﬁned as members of the
WD-repeat family. Phylogenetic analysis of some WD40-domain con-
taining proteins showed evolutionary divergence between lower plants
and angiosperms, including dicots and monocots (Fig. 2A). Although
the analysis indicated a common origin for S. italica, S. bicolour and Zea
mays WD40 homologues, SiWD40 formed a distinct branch suggesting
that despite certain conservation, SiWD40 could have a discrete function.
Thus, SiWD40 is a novel WD-repeat protein and probably belongs to
a highly conserved sub-family of WD-repeat proteins in which
transducin and G-beta repeat containing protein are its distantly related
members.
2.3. SiWD40 contains ﬁve putative WD-repeats
The predicted SiWD40 protein was searched for the presence of
conserved domains using several computer programs. The in silico
analysis predicted different number and position of WD-motifs in
SiWD40 protein probably because of several variations in the se-
quence of eukaryotic WD40 motifs [6]. The presence and position of
WD40 motifs were validated by SMART program which further
ascertained (E-value=0) the presence of ﬁve putative WD-repeat
motifs based on BLAST results (Fig. 2B). The predicted WD-repeat
motifs ranged from 38 to 55 amino acids which are comparable
with the WD-repeat consensus sequence [6]. Maximum homology
was observed within the ﬁve WD repeat region, conﬁrming our
novel gene indeed encoded a WD-repeat protein. Interestingly,
some amino acids were exclusive to SiWD40 and not present in
other monocot crops (Fig. 2B). Among them, four residues (positions
232, 311, 316 and 391) were located in the predicted WD-repeat re-
gion. This residue variation in the foxtail millet WD40 sequence
could probably provide reason for its evolutionary and functional dif-
ference from other cereal crops. However, how these residues could
be engaged in functional divergence needs additional investigation,
such as point mutation studies.
2.4. Three dimensional model of the SiWD40
The secondary structure of SiWD40 was predicted by threading
method through its structure alignment with other proteins from
the PDB (Fig. 3A). These proteins were reportedly involved in various
cellular functions like DNA damage repair, actin ﬁlament disassembly,
protein synthesis and apoptosis. In general, the WD40 domain is a
prominent feature within proteins that mediate diverse protein–
protein, and protein nucleic acid interactions [4].
A necessary prerequisite for understanding molecular function of
a protein is the knowledge of its three dimensional (3D) structure. Al-
though SiWD40 showed sequence similarity with several proteins in
the NCBI non-redundant database, we could not ﬁnd any suitable
template structure in the PDB for comparative modeling (discussed
AB
Fig. 1. Sequence and structural representation of Setaria italica WD40. (A) Nucleotide and deduced amino acid sequence of SiWD40 cDNA. Closed triangles represent the position of
the introns. The nucleotide sequence has been deposited with GenBank under accession no. JF836815. (B) Schematic diagram of SiWD40 genomic sequence. The exons and introns
are represented by boxes and lines, respectively. Open boxes indicate ORF and closed boxes on the left and right indicate 5′ and 3′ untranslated regions, respectively. Diamond and
pentagram indicate the translation start and stop sites, respectively. The illustration is drawn to scale.
254 A.K. Mishra et al. / Genomics 100 (2012) 252–263in Materials and methods). This impelled us to construct the ab initio
modeling of SiWD40 with the help of I-TASSER server. The three di-
mensional structure of SiWD40 is shown in Fig. 3B (i). The model
structure was validated with PORSA, which gave a z-score of −5.3.
This value is in the range of native conformations of other experimen-
tally determined protein structures of the size of SiWD40 [24].
The protein has an eight blade β-propeller architecture at the
C-terminus, with each blade comprising a four-stranded anti-parallel
β sheet. The β-propeller has three distinct surfaces available for
interactions: the top region, the bottom region and the circumference.Fig. 2. Relationship among plant WD40 proteins. (A) Phylogenetic tree of WD40 proteins fro
side the branches. The scale bar indicates the relative amount of change along branches
neighbor-joining method. (B) Alignment of deduced amino acid sequences of SiWD40 prot
software are numbered and boxed. Identical residues are indicated in black font and residu
proteins are given in Supplementary ﬁle 1.The N-terminal of SiWD40mainly consists of three α helices and two
310 helices. This region (residue numbers 1 to 102) wraps up one
side of the propeller and pack against the central channel at the bot-
tom region of the propeller [Fig. 3B (ii)]. Most of the biomolecular in-
teractions mediated by WD40 domain involve the entry site to the
central channel of the β-propeller [3]. The overall tertiary structure
of SiWD40 is stabilized by 199 intra-molecular hydrogen bonds as
detected by the program HBPLUS (Table 1). The H-bonds density is
quite high (one per 117 Å2 of ASA), and plays an important role in
the folding of SiWD40.m various organisms. Bootstrap values based on 1000 replications are represented be-
. Setaria italica WD40 is boxed. The tree was generated using MEGA 4.0 program by
ein to other closest monocot homologues. The ﬁve WD40 motifs predicted by SMART
es exclusive to SiWD40 are circled. The name, sequences and accession number of the
AB
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AB
Fig. 3. Predicted structure of SiWD40. (A) Structure alignment of SiWD40with six other proteins used for threadingmethod. Alpha helix, beta sheet, and turn regions are shown in cylinder,
arrow and line drawing respectively. The six protein structures havingWD40 domains are represented by their four letter PDB code followed by the chain identiﬁer. (B) Three dimensional
structure of SiWD40. (i) Alpha helices and beta sheets are represented by cartoon, while (ii) the N-terminal domain that wraps the β-propellers is shown in sphere drawing.
256 A.K. Mishra et al. / Genomics 100 (2012) 252–2632.5. SiWD40 transcripts respond differentially to various stresses and
show tissue-speciﬁc distribution
qRT-PCR analysis revealed that SiWD40 transcripts were induced
in response to salinity, dehydration, and absissic acid (ABA) but not
under cold (Figs. 4A–C). Under salinity and dehydration stresses, thesteady-state transcript of SiWD40 continuously increased after 6 h and
reached the maximum level at 24 to 48 h. The fold induction in re-
sponse to ABA maintained at a very low level for initial 1–3 h of stress
but the mRNA accumulated throughout late durations (12–48 h;
Fig. 4C). Cold stress had no obvious effect on the expression of
SiWD40 (Fig. 4D). This ﬁnding suggests that SiWD40 may function in
Table 1
Physicochemical properties of the SiWD40–Cullin4 interface.
Interface propertiesa SiWD40 Cullin4 Complex
Interface area (Å2) 1986 2086 4072
Surface area (Å2) 23216 41119 60263
Interface area/surface area 0.09 0.05 0.07
Number of atoms 218 203 421
Number of residues 62 58 120
Fraction of non-polar atoms 0.65 0.65 0.65
Non-polar interface area (Å2) 1291 1356 2647
Fraction of fully buried atoms 0.21 0.18 0.19
Local density 39.4 38.5 39.0
Residue propensity score −1.75
H-bonds 8
a Details of the calculations are given in [38].
257A.K. Mishra et al. / Genomics 100 (2012) 252–263responses to abiotic-stress possibly through ABA-dependent pathway.
Several WD40 domain containing genes have been reported to be
salt-responsive [23,25,26]. Loss of function mutation in a myoinositol0
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Fig. 4. Expression proﬁles of SiWD40 transcript analysed by qRT-PCR. Determination of effec
time points. (E) Accumulation pattern of SiWD40 transcript in different foxtail millet tissuepolyphosphate 5-phosphatase, a WD40 repeat protein, resulted in an
ABA insensitivity [27].
The steady state expression level of SiWD40 transcripts could be
detected in different foxtail millet tissues as shown in Fig. 4E.
SiWD40was expressed in tissue-speciﬁc manner with highest expres-
sion in roots (>9-fold) followed by seeds (>6-fold). Many WD do-
main genes have been shown to be actively expressed in the
vegetative (shoot and root) and reproductive (ﬂoral organ, gameto-
genesis, embryo and seed) plant tissues [23,25,28–30]. Thus,
SiWD40 may be part of a major regulatory pathway functioning
through distinct mechanisms in root and/or seed development. How-
ever, this hypothesis remains to be elucidated.
2.6. SiWD40 protein is localized to the nucleus
WoLF-PSORT program predicted the SiWD40 protein to be nucleus
localized. This prediction was then conﬁrmed by fusing the SiWD40
coding sequence in-frame to a C-terminal GFP and expressing it
under the control of the CaMV35S promoter. Before inﬁltration into
Nicotiana benthamiana leaves, the construct was conﬁrmed for the0
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Fig. 5. Subcellular localization of SiWD40:GFP fusion protein in Nicotiana benthamiana mesophyll cells. N. benthamiana leaves were inﬁltrated with Agrobacterium tumefaciens cul-
tures containing either empty vector pCAMBIA1302–GFP or pCAMBIA1302–GFP:SiWD40 recombinant plasmid and transiently expressed under the control of the CaMV 35S pro-
moter. The subcellular localization was viewed with a ﬂuorescent confocal microscope 48 h after incubation. Fluorescence images (A and D), bright-ﬁeld images (B and E) and
merged images (C and F) of representative cells expressing pCAMBIA1302–GFP or SiWD402–GFP fusion protein are shown.
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The leaf mesophyll cells expressing GFP alone displayed diffuse cyto-
plasmic and nuclear staining (Figs. 5A–C), while the GFP-SiWD40
protein appeared to be located in the nucleus of transformed cells
(Figs. 5D–F). Our ﬁndings are corroborated by several previous stud-
ies reporting nuclear localization of plant WD40-repeat proteins
[15,31,32].2.7. SiWD40 promoter sequence analysis
To uncover the molecular basis of differential expression of
SiWD40 in various tissues of foxtail millet and under different stress-
es, we aimed to isolate its 5′ upstream promoter regions using
genome-walking PCR. A 2057 bp fragment upstream to the transla-
tion start codon of SiWD40 gene was identiﬁed which included the
200 bp 5′ UTR. The promoter sequence has been submitted to
GenBank with accession no. JQ520138 (File S1).
In-silico analysis has been extensively used for the identiﬁcation
of putative regulatory elements in a promoter region of the
gene [21,33]. Several putative transcription binding sites and con-
served cis-acting regulatory elements were identiﬁed using
PlantPAN databases (Table S1). Sequence analysis revealed that sev-
eral sites for stress-responsive transcription factors are present in
the WD40 promoter. These include two ABA-responsive elements,
two dehydration-responsive elements, a recognition site for
Gibberellin-associated MYB and several sites for MYC transcription
factors (Table S1). It also included some cis-acting elements involved
in biotic stress response such as the W-box and WRKY elements. Addi-
tionally, few elements like the CATATGGMSAUR and DOF core motifs
that are involved in auxin responsiveness were also identiﬁed.
Additionally, binding sites of few elements, such as the CGCGBOXAT
and Activator protein1, which are known to be involved in response
to various environmental stimuli and multiple signaling pathways,
were also identiﬁed. Apart from the above, several light responsive
elements such as GATA- and I-box were also found.Cis-acting regulatory elements are key molecular controllers in-
volved in transcription regulation of gene activities inﬂuencing sever-
al biological processes and response to environmental stresses. Since
the stress-responsive SiWD40 promoter contained two DRE elements,
we were interested to examine whether SiWD40 could act as direct
target of a DRE-binding (DREB) protein.
2.8. Expression and puriﬁcation of His6-tagged SiAP2 DNA binding
domain
A 70 amino acid DNA binding domain (DBD) of a novel
stress-responsive S. italica DREB2 protein enclosing the highly con-
served AP2/ERF domain (32 amino acids) [34] was cloned in frame
into pET23b vector. A highly expressing 11 kDa desired polypeptide
bandwas observed in IPTG induced fraction of His6-SiAP2 DNA binding
domain (DBD) in the SDS-PAGE analysis (Fig. 6A, lane 1) as compared to
uninduced fraction (Fig. 6A, lane 2). The recombinant His6-SiAP2 DBD
protein present in the soluble fractionwas afﬁnity-puriﬁed. The puriﬁed
fractions were collected and checked on 15% SDS-PAGE (Fig. 6B). The
wash elutes contained contaminating proteins along with the desired
band (Fig. 6B, lanes 1 and 2) but the puriﬁed His6-SiAP2 DBD yielded
a single clear 11 kDa band (Fig. 6B, lanes 3 and 4).
2.9. SiWD40 as a putative downstream target of AP2-domain containing
protein
The puriﬁed His6-SiAP2 DBD was later examined for its ability to
speciﬁcally bind the DRE element (ACCGAC; Table S1) present in 5′
upstream promoter region of SiWD40 by electrophoretic mobility
shift assay (EMSA) (Fig. 6C). High-afﬁnity protein–DNA complexes
were detected when SiAP2 fusion proteins were incubated with
wild type DRE (Fig. 6D, lanes 6 and 7) and excess unlabeled wild
type DRE was able to efﬁciently compete for the DNA binding activity
of SiAP2 (Fig. 6D, lanes 2–5). Further, we evaluated the binding activ-
ities of the fusion protein to two mutant versions of the DRE probe
with a two-base reshufﬂing between A and T or C and G [35]. SiAP2
Wild type DRE: ACCGAC
Mutant DRE1 (mDRE1): tCCGtC
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Fig. 6. Bacterial expression and puriﬁcation of Setaria italicaAP2 (SiAP2) DNA binding domain (DBD) in protein expression vector, pET23b. Coomassie brilliant blue stained 15% SDS-PAGE
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259A.K. Mishra et al. / Genomics 100 (2012) 252–263protein could not bind to either of the mutant probes (Fig. 6D, lanes 8,
9). Thus, SiAP2 could recognize and bind the DRE from SiWD40 pro-
moter in a sequence speciﬁc manner.
2.10. SiWD40 is transcriptionally activated by SiAP2 in planta
To determine functional importance of this binding, we checked
the capability of SiAP2 to transactivate DRE-dependent SiWD40 pro-
moter using protoplasts prepared from Nicotiana tabacum (tobacco)
cv. Bright Yellow-2 (BY-2) cultured cells. A GUS reporter plasmid con-
structed by fusion of the DRE elements from the SiWD40 promoter
was co-transfected into protoplasts with an effector plasmid of
SiAP2 cDNA fused to the CaMV35S promoter (Fig. 7A). About 4-fold
higher relative GUS activity was apparent only when both theconstructs were co-expressed, as compared to the vector control
(Fig. 7B). These results suggest that DRE element-dependent tran-
scription of SiWD40 is regulated by the SiAP2 in plant cells.
2.11. Interaction between SiWD40 and Cullin4
TheWD40 domain is known to be among the leading interacting do-
mains and acts as a platform for several protein–protein or protein–
DNA interactions [3,4,36]. Recently, the DAMAGED DNA BINDING1
(DDB1) subset of theWD40-like proteins has been implicated as crucial
speciﬁcity providers of CUL4-based E3 ligases due to their roles as sub-
strate receptors [37]. To examine the adaptability of SiWD40 to act as a
scaffold, we next looked at the in silico evidence of SiWD40 interaction
with a foxtail millet Cullin4 protein. The docking model of SiWD40
AB
Fig. 7. SiAP2 activates DRE-elements of the SiWD40 promoter in planta. (A) Tobacco
BY-2 protoplasts were co-transfected with control (empty vector pGWB2 as effector
and pGWB3 as reporter) or test plasmids (effector pGWB2 vector containing
CaMV35S promoter-SiAP2 CDS and reporter pGWB3 vector containing SiWD40 promot-
er fragment in frame with a C-terminal GUS). (B) Relative GUS activity of the constructs
in transient co-transfection experiments. Bars indicate the standard deviations of three
experimental replicates.
260 A.K. Mishra et al. / Genomics 100 (2012) 252–263and Cullin4 interaction is shown in Fig. 8. The complex structure is sta-
bilized by the burial of large solvent accessible surface area (Interface
area, BSA=2506 Å2) between the SiWD40 and Cullin4. The Cullin4
binds at the circumference of the β‐propeller near the C-terminal end.
Several available structures for complexes ofWD40with other proteins
disclose that most interacting peptides tend to bind on the top while
some also bind to the propeller circumference and bottom [3].
To understand the speciﬁcity of SiWD40–Cullin4 interaction, sev-
eral structural and physicochemical properties of the interface is cal-
culated as described by Bahadur et al. [38]. The N-terminal region of
the SiWD40 is stabilized by the helix–helix interaction, which dis-
olvates around 500 Å2 of the solvent accessible surface area and con-
tributes to BSA. The interface region is stabilized by the interactions
between 421 atoms and 120 residues, where the SiWD40 contributes
218 atoms and 62 residues and the rest are contributed by Cullin4Fig. 8. Interaction between the SiWD40 protein (in red) and Cullin4 (in green).(Table 1). About 9% of the solvent accessible surface of SiWD40 is bur-
ied at the interface, while for the Cullin4 this is only 5%. Hydrophobic
interaction plays a dominant role in the complex formation as we can
see that the 65% of the interface area are contributed by the hydro-
phobic group (Table 1). The interface is well packed with high frac-
tion of fully buried interface atoms, and a high value of local density
parameter. Well packed interface is one of the characteristic features
of speciﬁc protein–protein interface [38,39]. The residue propensity
score is negative for this interface, which is in accordance with the
other observed protein–protein interfaces [38]. The interface is also
stabilized by 8 intermolecular hydrogen bonds as detected by the
HBPLUS program. The interface amino acids contributed from
SiWD40 and Cullin4 are listed in Table S2. The interface contains
large number of amino acids, which may act as hot-spot residues
(shown in bold in Table S2). These residues have at least one fully
buried interface atom and contribute extensively at the interface
[40]. The analysis of the above physicochemical and structural prop-
erties of the SiWD40 and Cullin4 interface indicates that they form a
stable and speciﬁc interaction, which is essential for cellular function.
Such kinds of interactions may provide a framework for selective deg-
radation machinery, and in doing so, regulate multiple aspects of de-
velopmental and environmental stress response in plants.
3. Conclusions
A large number of studies have revealed roles for WD40 proteins
in modulating plant developmental processes but the reports docu-
menting their importance in stress response are lacking. We have
identiﬁed a novel member of the WD40 family of proteins from a rel-
atively stress-tolerant crop, foxtail millet. Apart from its evolutionary
and structural divergence, SiWD40was also induced by various stress
factors. Through this report, we have for the ﬁrst time, proved that a
SiWD40 is a direct target of the AP2 proteins, thus providing a possi-
ble regulatory mechanism for SiWD40 proteins. Also, we have tried to
look into the biological role of this novel protein through prediction of
its putative interacting partner. A positive correlation could be
predicted for SiWD40 protein to be part of a larger complex, possibly
involved in protein degradation. However, further experiments in-
volving their structures, interactions and functional diversity will be
critical for our understanding of detailed cellular processes, and ulti-
mately might provide new means to tinker with biological functions
via synthetic and systems biology approaches. In this perspective,
we are currently generating SiWD40 overexpression and knock-out
mutant lines and also characterizing this gene in AP2 overexpression
lines to examine its expression and function.
4. Materials and methods
4.1. Plant materials and stress treatments
Seeds of foxtail millet cv. IC-403579 were obtained from National
Bureau of Plant Genetic Resources (NBPGR), Hyderabad, India and
grown in a plant growth chamber (PGC-6L; Percival Scientiﬁc Inc.,
USA) at 28±1 °C day/23±1 °C night with 70±5% relative humidity
and photoperiod of 14 h. For stress treatments, 21-day-old seedlings
were exposed to 250 mM NaCl (salinity), 20% PEG 6000 (dehydra-
tion), 100 μM ABA or chilled at 4 °C in a chamber (cold) for 1, 3, 6,
12, 24 and 48 h. After the treatments, seedlings were immediately
frozen in liquid nitrogen and stored at −80 °C until RNA isolation
as described elsewhere [18,19]. For expression analysis in different
foxtail millet tissues, roots and leaves were collected from
21-day-old seedlings, whereas spikes and seeds were sampled from
the ﬂowering and mature plants in three replicates. Total RNA was
extracted by the modiﬁed hot phenol method using lithium chloride
[41]. DNA contamination was removed from the RNA samples using
RNase-free DNase I (50 Uμl−1; Fermentas, USA). cDNA synthesis
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[20]. The primers for used qRT-PCR are given in Table S3 (numbers
1–4).
4.2. Rapid ampliﬁcation of cDNA ends (RACE)
An EST, GenBank accession no. GT228241, homologous to a WD
domain protein was chosen from salinity and dehydration stress sub-
tractive cDNA libraries of foxtail millet [18,19]. Sequence comparison
indicated the absence of 5′ or 3′ end in this transcript. Thus, we per-
formed Rapid ampliﬁcation of cDNA ends (RACE) to amplify its un-
known ends using SMARTTM RACE cDNA ampliﬁcation kit (Clontech,
USA). The primers used for RACE are listed in Table S3 (numbers
5–10). The RACE ampliﬁcation products were cloned into pGEM-T
Easy vector (Promega, USA), and sequenced in both directions.
4.3. Cloning and sequence analysis of SiWD40
The full length cDNA and coding sequence of SiWD40 were ampli-
ﬁed from total cDNA using gene speciﬁc primers in each case (Table
S3: numbers 11–14), cloned and conﬁrmed by sequencing. Genomic
sequence of SiWD40 was ampliﬁed by the above mentioned primer
pairs from the foxtail millet genomic DNA as described previously
[21]. In each case, the PCR products were cloned and sequenced.
The nucleotide sequence of SiWD40 was translated using the transla-
tion tool at the Swiss bioinformatics server (http://www.expasy.ch/
tools/dna.html). BLASTP [42] was employed for detecting sequence
similarities between SiWD40 and other proteins.
4.4. Sequence retrieval and phylogenetic analysis
In total, protein sequences of 18 WD40 homologues from other
plants were retrieved from GenBank at the NCBI or the SOL Genomics
Network (SGN) by executing standard protein BLAST (BLASTP)
against using non-redundant protein sequences (nr) of the database
(File S2). The sequences were aligned by CLUSTALW using Gonnet
matrix with default parameters (gap opening penalty=10 and gap
extension penalty=0.1) and a phylogenetic tree was constructed
using MEGA4 [43]. For the phylogenetic analysis, distance matrix
using the neighbor-joining method with 1000 bootstrap replications
was set-up and protein distance was calculated by substitution
model of Poisson correction.
4.5. Domain analysis and structure prediction
The presence of predicted WD domain was carried out by using
the server Scan Prosite (http://prosite.expasy.org/scanprosite/) with
the default parameters. It shows that the SiWD40 sequence has a
WD40 domain at the C-terminal from residue number 305 (Leu) to
346 (Ala). However, even when WD40 domains are correctly identi-
ﬁed by sequence, one or more repeats often remain undetected [3].
We thus performed extensive in silico domain analysis through sever-
al other programs and ﬁnally validated the results obtained by nor-
mal mode HMMER-based searches of the SMART database (http://
smart.embl-heidelberg.de/).
To build the comparative model of ‘SiWD40’, BLAST [44] search was
carried out (with the default parameters) against the Protein Data Bank
(PDB) [45] for proteinswith similar sequence and known 3D structures.
This gives thirty structures with signiﬁcant E-values; however, none of
them can be used as template for homology modeling as the sequence
identitywith the query sequence is very low (less than 30%). Our search
methodology also found two structures with sequence identity with
34% and 38% respectively, but the query coverage of these two se-
quences is very poor (only 26% and 29% respectively). This prompted
us to generate the model structure of SiWD40 using I-TASSER protein
structure prediction algorithm, which combines the methods ofthreading, ab initiomodeling and structural reﬁnement [46]. In brief, it
is a hierarchical protein structure modeling approach based on the
secondary-structure enhanced Proﬁle–Proﬁle threading Alignment
(PPA) and the iterative implementation of the Threading ASSEmbly Re-
ﬁnement (TASSER) program, where the target sequences are ﬁrst
threaded through a representative PDB structure library with a
pair-wise sequence identity cut-off of 70% [46]. The structure alignment
between SiWD40 and other proteins with WD40 domain was carried
out using I-TASSER.4.6. Subcellular localization of SiWD40:GFP fusion protein
Initially, the WoLF-PSORT programme (http://wolfpsort.seq.cbrc.jp/)
was employed to predict the subcellular localization of SiWD40 protein.
For conﬁrming this prediction, the SiWD40 coding sequence was PCR
ampliﬁed using primers listed in Table S3 (numbers 15–16) containing
BglII and SpeI restriction sites. The PCR product was digested with these
enzymes and cloned in sense orientation into predigested pCAMBIA1302
harboring green ﬂuorescent protein (GFP) at the 3′ end and transformed
into Agrobacterim tumefaciens (strain GV3101). The bacterial culture
harboring the DNA constructs was transiently introduced into
N. benthamiana by inﬁltration method as described by Li et al. [47]
using a needle-less syringe. After incubation for 48 h, the leaves
were analysed for GFP ﬂuorescence by confocal microscopy (Leica).4.7. Isolation and sequence analysis of SiWD40 promoter
The 5′ upstream region of SiWD40 gene was obtained by following
the instructions provided in the Universal Genome Walker kit
(Clontech, USA). Primary and nested PCRs were performed with ge-
nome walker adaptor primers (AP1 and AP2, in kit) and gene speciﬁc
primers of SiWD40 (Table S3: numbers 8–9). Ampliﬁcation products
of the nested PCR were cloned in pGEM-T Easy vector and sequenced
as described earlier. The presence of putative cis-regulatory elements
in the 5′ ﬂanking sequence upstream to start codon of the SiWD40
cDNA was searched using the PlantPAN (http://plantpan.mbc.nctu.
edu.tw) database using default parameters [48].4.8. Construction, expression and puriﬁcation of His6-SiAP2 domain fu-
sion protein
A conserved AP2 region from a novel stress-responsive S. italica
DREB2 protein, previously characterized in our lab [34] was ampliﬁed
by gene speciﬁc primers (Table S3: numbers 17–18) containing
BamHI and EcoRI restriction sites and cloned into predigested
pET23b vector. This pET23b-His6-SiAP2 domain recombinant plasmid
carrying a C-terminal His6 tag, was transformed into Escherichia coli
BL21 (DE3)-codon plus cells.
Protein was induced by 1 mM isopropyl β-D-thiogalactopyranoside
(IPTG)whenOD600 reached 0.6. The cells were harvested by centrifuging
(3500 g, 20 min, 4 °C), resuspended in lysis buffer (10 mM phosphate
buffer; pH 7.0, 1 mM phenylmethylsulfonyl ﬂuoride and 2 μl ml−1
protease inhibitors) for 1 h and lysed by gentle sonication (0.5 cycle,
30 s) on ice. After centrifugation for 20 min at 16,000 g, the supernatant
containing the fusion proteinwas loaded onto a Nickel-NTA seﬁnose col-
umn (Bio Basic Inc., Canada), pre-equilibrated with Ni-Native-0 buffer
(50 mM NaH2PO4 and 300 mM NaCl, pH 8.0) following manufacturer's
protocol. Fusion proteins were eluted with elution buffer (50 mM
NaH2PO4, 300 mMNaCl and500 mMimidazole, pH8.0) and the elutants
were dialyzed in dialysis buffer [50 mM HEPES; pH 7.5, 40 mM KCl,
12.5 mM MgCl2, 2 mM DTT, 1 mM PMSF 0.2 mM EDTA, 20% (v/v)
glycerol]. The apparent molecular mass and purity of eluted proteins
were analysed by 15% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) according to standard protocols.
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The DNA-binding assays were performed according to Puranik et
al. [35] by incubating 500 ng of pET23b-His6-SiAP2 domain with
15 mM HEPES; pH 7.5, 35 mM KCl, 1 mM DTT, 1 mM EDTA; pH 8,
1 mM MgCl2, 6% (w/v) glycerol, 1 μg of poly dI-dC (Sigma). A
174 bp DNA fragment of WD40 promoter enclosing two DRE ele-
ments (Supplementary Table 1) was ampliﬁed using genomic DNA
as template with primers listed in Table S3 (numbers 19–20) and
cloned into pBluescript vector. The fragment was digested with
HindIII and XhoI, puriﬁed, and α32P-dCTP-labeled by Klenow enzyme
(New England Biolabs, USA) for using as probe. One nanogram of la-
beled DNA was used for each binding reactions. Competition experi-
ments were performed by adding excess unlabeled competitor
oligonucleotides. Two DRE mutant oligonucleotides were chemically
synthesized where a two-base reshufﬂing was done between A and
T or C and G. After incubation for 20 min at room temperature, the mix-
tures were subjected to electrophoresis in a 6% native polyacrylamide gel
in 0.5× Tris-Borate-EDTA buffer, dried and exposed to phosphorscreen
and images were scanned using a phosphor-imager (Typhoon 9210).
4.10. Co-transfection analysis in tobacco protoplasts
The coding sequence (CDS) encoding SiAP2 and the SiWD40 pro-
moter fragment enclosing two DRE elements were ampliﬁed using
primers listed in Table S3 (numbers 21–24) and ligated into pENTR
™/D-TOPO® vector (Invitrogen, CA, USA) to generate entry vector
clones. These clones were transferred to the desired destination vec-
tor by the Gateway LR reaction using Recombinase enzyme (Invi-
trogen, CA, USA). For construction of the effector plasmids, the
SiAP2 CDS was cloned into binary vector pGWB2 under the
CaMV35S promoter while the reporter plasmids were created by
cloning SiWD40 promoter fragment in pGWB3 vector in front of a
C-terminal GUS. The recombinant constructs were veriﬁed by se-
quencing. As internal controls, empty vectors (pGWB2 and
pGWB3) were co-transfected to normalize the GUS activity. Proto-
plast isolation from suspension culture of tobacco BY-2 cell lines,
PEG-mediated transformation and staining for GUS activity were
performed according to the techniques described by Lee et al. [49].
Fluorometric GUS assays were performed as described by Berger et
al. [50]. The results are based upon three independent protoplast
co-transfection experiments.
4.11. In-silico protein–protein docking
Molecular docking between SiWD40 and Cullin4 (PDB ID 2HEY),
was performed using the program ‘Patchdock’ [51]. Patchdock is a
geometry-based molecular docking algorithm, which aims at ﬁnding
docking transformations based on the molecular shape complemen-
tarity. The default cut-off value (4.0 Å) is used in the RMSD (root
mean square deviation) clustering for selecting the candidate solu-
tions. The predicted conformation of the complexes was evaluated
by calculating several physicochemical and structural properties of
the interacting protein surfaces as described by Bahadur et al. [38].
The size of interface between two interacting proteins was estimated
by measuring the area of the surface buried in the contact (BSA). This
is given by sum of the solvent accessible surface areas (ASA) of the
two components less that of the complex [39]. We count as part of
the interface all the atoms and amino acid residues that lose ASA in
the complex. Hydrogen bonds (H-bonds) were identiﬁed with pro-
gram HBPLUS [52] using default parameters.
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